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A number of approaches are being used in ATLAS reconstruction software, aiming to improve
electron momentum measurement by taking into account the effects due to bremsstrahlung at
various stages. One of them, designed and implemented in ATLAS, is covered in this talk. The
method applies Dynamic Noise Adjustment (DNA) during the track fitting process based on the
Kalman filter, and is both fast and efficient.
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1. Introduction
Various physics channels to be used for physics studies by the ATLAS collaboration at the
LHC — Higgs and supersymmetry searches, B-hadron and quarkonium physics and many oth-
ers — require efficient detection and precise measurement of electrons and positrons produced in
proton-proton collisions. High precision silicon detectors, transition radiation detectors and elec-
tromagnetic calorimeters are used for this purpose in the ATLAS detector (see fig. 1 and ref. [1]
for details).
Figure 1: Schematic view of the ATLAS Inner Detector.
However, the amount of material being traversed by the electrons propagating through the
ATLAS inner detector (ID), shown in fig. 2, is not negligible. In particular, particles emerging
Figure 2: Material budget of ATLAS ID. The amount of material traversed by the electrons varies with
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from the interaction point in the pseudorapidity range |η | < 0.8 (“barrel region”) will go through
the beam pipe, 3 layers of Pixel detectors, 4 layers of Semi-Conductor Tracker detectors (SCT),
and 73 layers of Transition Radiation Detector (TRT) before reaching the calorimetry. Even in the
barrel region, every layer of the high precision silicon detectors (Pixel and SCT) contributes 2 to 6
percent of X0. This results in a high probability of significant bremsstrahlung radiation by electrons
and positrons, influencing the quality of their track reconstruction and measurement.
2. Bremsstrahlung
The “brem-ray” image of the ATLAS Inner detector (fig. 3), which shows R−Z coordinates
Figure 3: The R−Z coordinates of simulated bremsstrahlung points, showing that the denser parts of the
inner detector account for more frequent brems, with more energy radiated.
of simulated bremsstrahlung points, highlights the fact that denser parts of the detector account for
more frequent brems, with more energy radiated. Early brems — in pixel and lower silicon layers
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According to the description of the bremsstrahlung process [2], the electron retains its direction
of propagation and a fraction z of its energy, with the probability density given by the Bethe-Heitler
distribution (fig.4). This probability density f (z) depends on the amount of traversed material and
is highly asymmetric, with a singularity at z→ 1 and a long tail extending to very small z.
Fig. 5 shows a radiating track in the magnetic field. If an electron suffers an act of bremsstrahlung
at point C, its track will have a smaller radius of curvature after that point, hitting layer S5 at point
F instead of point G (while the photon follows the tangent C–E–H). A tracking algorithm which






Figure 5: A track changing its curvature at point C due to bremsstrahlung. This track has lost 35% of its
momentum at that point.
does not take the possibility of such changes into account will, in such cases, return a track with an
underestimated momentum value and unacceptable fit quality.
3. Kalman Filtering
The default track reconstruction method in ATLAS [3] uses a Kalman filter (KF) [4, 5]. This
is an iterative procedure used to determine the vector of track parameters, y, and its covariance
matrix, C, taking into account the measurement m (and its respective covariance matrix V ) at each
detector layer k. In a slightly simplified notation, the procedure includes three steps:
1. Extrapolate y and C from layer k−1 to layer k:
yk−1 → y−k , Ck−1 +Qk−1 →C−k
Here Qk is the covariance matrix of the system noise at layer k, which can take into account
things like multiple scattering and bremsstrahlung.




3. Do measurement update:
yk = y−k +Kk(mk− y
−
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It can be shown (see e.g. [4] and references therein) that this procedure only works prop-
erly if both measurement uncertainty V and the process noise Q are well described by gaussian
distributions. While this is usually the case for measurement errors and multiple scattering, it’s cer-
tainly not true for bremsstrahlung, which causes problems during electron track reconstruction. As
mentioned above, when applied to a radiating electron track similar to the one shown in fig. 5, the
default KF fit is likely to result in a bad fit quality with an underestimated reconstructed momentum.
4. Gaussian Sum Filter
In the standard implementation, the Kalman filter can only view bremsstrahlung as another
source of gaussian-distributed noise, which is clearly a very crude approximation to the Bethe-
Heitler distribution (fig. 6). So, early attempts to replace the Bethe-Heitler distribution with a
Figure 6: Comparison between the Bethe-Heitler distribution, a single gaussian distribution of equivalent
mean and r.m.s., and a sum of several gaussians used by the Gaussian Sum Filter.
single gaussian of equivalent mean and width did not work too well.
The Gaussian Sum Filter (GSF) [4, 6] is a non-linear generalisation of the Kalman filter. GSF
approximates Bethe-Heitler distribution by a mixture of several gaussians, thus allowing to take
into account the asymmetry and the low-energy tail of the distribution. After that, several Kalman
filters run in parallel. In order to make things manageable and avoid exponential growth of compo-
nents, component reduction has to be performed at each step. Even so, GSF may take 10 or even
100 times longer than the default KF.
GSF can be quite successful in bremsstrahlung recovery — e.g., the effective track momentum
resolution for 10 GeV electrons in ATLAS improves from about 10% to 8%. However, the hefty
computing overhead is a major limiting factor in its use.
5. Dynamic Noise Adjustment
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implemented in ATLAS. It is based on the Dynamic Noise Adjustment (DNA) [7] during Kalman
filtering.
At each silicon layer, a simple single-parameter fit is performed to flag hits which may be
associated with bremsstrahlung. This fit tries to estimate the increase in curvature due to possible
bremsstrahlung at the current detector layer. If no bremsstrahlung was flagged, the track fitter
reverts to the default Kalman filtering procedure. Otherwise, the result of the single parameter fit
— the estimated fraction of energy retained by the electron, z — is used to calculate the additional
effective “system noise” term, which is then fed to the Kalman filter.
The effective “system noise” variance calculation is illustrated by fig. 7, which shows how the
Bethe-Heitler distribution is mapped onto the gaussian distribution of unit width. The deviation ∆z
of the estimated z from the median z0 is mapped onto the gaussian to find the corresponding devia-
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Figure 7: Mapping of the probability distributions used to calculate the variance of the effective noise term.
to representing the random variable z, distributed according to the Bethe-Heitler probability den-
sity, in the form
z = z0 + xσDNA(z)
where x is a random variable with gaussian probability distribution.
So, in this approach bremsstrahlung is legitimately treated as a source of gaussian noise, but
only in those cases when bremsstrahlung-like behaviour of the track has been detected. The proper




Bremsstrahlung recovery with DNA Vakhtang Kartvelishvili
Of course, σDNA also depends on the thickness of material associated with the corresponding

















c = thickness(X0) / ln2
z
Figure 8: Effective σDNA(z) for various values of material thickness in the detector layer.
The variance σ 2DNA is added to the appropriate term of the Kalman covariance matrix used dur-
ing the fit, similarly to the treatment of any other source of system noise. However, this particular
noise term is adjusted dynamically according to the estimated z and the thickness of the layer, thus
justifying the name of the method.
6. DNA fit in action
The comparison between the results of the default Kalman Fit (labelled "DEFAULT", top row)
and KF with DNA (labelled "DNA fit", bottom row), for a simulated sample of 20 GeV single
electrons in the barrel region |η | < 0.8, is shown in Fig. 9. The left column shows the ratio of
measured to generated momentum, where one can see a marked reduction of the low momentum
tail and a significant improvement in the average momentum measurement. The distribution of
estimated errors on measered momentum, returned by the fit (middle column), shows an increase
of the errors in cases where radiation has been flagged, which is quite natural and significantly in-
creases the percentage of reliably measured electron tracks. This is illustrated by the improvement
in the pull distribution (right column) with the gaussian core now showing a mean of −0.1 and a
width of 0.98 (as opposed to −0.6 and 1.09, respectively, for the default fit).
When applied to heavier particles, the DNA fit did result in some deterioration of the fit qual-
ity, and introduced some small biases, which we hope to reduce in the future. Investigation of
the differences in the behaviour of the fitted momentum for electron and pion/muon tracks, with
and without the DNA corrections, shows some interesting patterns, which open the possibility of
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Figure 9: Comparison of measured momentum, estimated error and pull distributions with default fit (top
row) and DNA fit (bottom row) for single electron simulations at 20 GeV in the barrel region.
ATLAS
preliminary
Table 1 shows the comparison of the numbers of simulated electron tracks in various selec-
tions, for the default and DNA fits. Note that improved track measurement in the precision silicon
layers results in better matching between the silicon and TRT track segments. This, in turn, reduces
the fraction of electron tracks without TRT extensions from 20% to 8 %. This also means bet-
ter extrapolation to the electromagnetic calorimeter (ECAL) and hence improved track-to-ECAL
matching.
Table 1: Fractions of electron tracks falling into various selections, for the default KF and the DNA fits.
Selection Default KF with DNA
Total reconstructed tracks 99.0% 99.4%
Momentum within ±50% of true 93.4% 94.5%
Momentum within ±20% of true 84.2% 86.4%
Within gaussian core of q/p distr. 55.6% 65.5%
Within gaussian core of pull distr. 51.3% 71.2%
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DNA fit only works with precision hits from silicon layers, and hence cannot help in recovering
electron tracks radiating in TRT. For very high energy electrons its effectiveness is also reduced,
as the curvature radii become too large. However, the results of the DNA fit can be used as a
good starting point for yet another method of bremsstrahlung recovery, being currently developed
in ATLAS. The latter uses the information from the matched ECAL cluster to improve the track fit,
and thus can address these problem areas.
Remarkably, the computing overhead of the DNA fit is quite small, below 10% on top of the
default fit. Better segment matching means fewer iterations of the Kalman fitter, thus sometimes
making the DNA fit even faster than the default one. This opens the possibility of using the DNA
fit during online processing in the high-level trigger, thus improving the electron trigger efficiency.
First results on full simulation and reconstruction of J/ψ → e+e− in B decay events (fig. 10)
show a clear improvement if DNA brem recovery is performed: the 15 MeV shift of the J/ψ mass
M(ee), GeV












Figure 10: Reconstructed invariant mass of e+e− in B→ J/ψ(→ e+e−)+X decay events, with (solid line)
and without (dashed line) bremsstrahlung recovery using the DNA fit.
ATLAS preliminary
virtually disappears, invariant mass resolution is better by about 20%, and the J/ψ reconstruction
efficiency is increased by 5%. It’s worth noting that more reliable error estimates returned by the
DNA fit play an important role in improving the fit of the secondary vertex, necessary for this
analysis.
7. Conclusion
Bremsstrahlung recovery is extremely important in order to achieve the full range of physics
goals in ATLAS. Higgs decays H → ZZ → e+e−e+e− and SUSY searches in multi-leptonic final
states are good examples of processes to benefit from it. Hence the number of different approaches
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This presentation described the track fitting procedure which uses Dynamic Noise Adjustment
during the Kalman filtering process, used in ATLAS tracking. DNA fit works well: significant
improvements in electron track reconstruction efficiency and quality have been achieved. Thanks
to its speed, DNA fit can also be used online in high-level trigger to improve electron trigger
efficiency.
DNA fit is still in development, with further tests and potential improvements in progress. For
example, in some cases “early” electron identification, based on silicon hits, may become possible.
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